Receptive field centre profiles of depolarizing (ON-) and hyperpolarizing (OFF-) bipolar cells in dark adapted carp retina were determined by using a narrow slit of light. The spatial decline of the photoresponse was found to consist of double exponential function with small and large length constants, about 100 #m and 1 mm, respectively. These were only observed in dark adapted retinae where antagonistic surround responses were not observed. These findings suggest dual sites of electrical coupling, one among dendrites and the other among axon terminals. The gap junctional conductance of the axon terminals was estimated to be 100 times larger than that of the dendrites.
INTRODUCTION
Bipolar cells, second-order neurones of the vertebrate retina, have a receptive field organization which consists of a small central area and a much larger antagonistic surround area. It is generally assumed that the responses of bipolar cells to spot illumination covering their central receptive area are directly transmitted from photoreceptors within the circumference of their dendritic field, whereas the responses to surround illumination are mediated by horizontal cells (Werblin & Dowling, 1969; Kaneko, 1970) . There is, however, a notable discrepancy between the size of receptive field centre (300-700 itm in carp; Saito & Kujiraoka, 1982 determined by physiological methods and the dendritic field size of about 65 m (in carp; Saito et al., 1985) or 52/~m (in goldfish; Ishida et al., 1980) measured morphologically: the receptive field centre is always larger than the dendritic field size (Werblin, 1970; Kaneko, 1973; Saito & Kujiraoka, 1982 Borges & Wilson, 1987; Yamada & Saito, 1988; Hare & Owen, 1990) . The receptive field centre of some bipolar cells is large (500-1000/~m) especially in dark adapted retina (Saito & Kujiraoka, 1982) . Large receptive fields in bipolar cells were also found electrophysiologically in salamander retina by Borges & Wilson (1987) and Hare & Owen (1990) . The receptive fields of ganglion cells are very big in fish retina when the retina is dark adapted. Some types of goldfish ganglion cells have a large *Electrotechnical Laboratory, Tsukuba, Ibaraki 305, Japan. tInstitute of Biological Sciences, University of Tsukuba, Tsukuba, Ibaraki 305, Japan. :)To whom all correspondence should be addressed [Tel: +81-298-58-5554; Fax: +81-298-54-5064; Emaih mayamada@etl.go.jp].
receptive field centre with around 1 mm diameter, having no receptive field surround measured at the threshold level (Wagner et al., 1963; Daw, 1968; Spekreijse et al., 1972) . Saito and colleagues (1985) suggested the existence of Lucifer Yellow dye couplings among dendrites. This discrepancy was, thus, solved by the findings of electrical coupling at the level of bipolar cells through which signal can be summated (Kujiraoka & Saito, 1986; Saito & Kujiraoka, 1988) . Indeed, the electrical coupling between bipolar cells in the same morphology was revealed by dye and tracer coupling (Kujiraoka & Saito, 1986; Umino et al., 1994) . In this report, we determined the receptive field profiles of carp bipolar cells by recording the response to a narrow slit of light across the retina. We found that bipolar cells had a dual component in their receptive field centre. We proposed that this could be mediated by two coupling sites, one through dendrites and the other through axon terminals. Some of the results have been published in an abstract (Saito et al., 1993) .
MATERIALS AND METHODS

Preparation
Carp (Cyprinus carpio), 500-600 g weight, were dark adapted for 2 hr. They were pithed and dissected, and the eye ball was enucleated under dim red light. The retina was isolated and attached photoreceptor-side-up on a black Millipore filter (Millipore Ltd, AABP, 13 mm diameter with 0.8 #m pores) through which vitreous humour was sucked by a vacuum pump and was flatmounted in a small perfusion chamber (volume 0.3 ml). The control perfusate had the following composition (in mM); 102 NaC1, 2.6 KC1, 28 NaHCO3, 1.0 MgCI2, 1.0 CaC12 and 5.0 glucose. The solution was continuously 2331 2332 M. YAMADA and T. SAITO aerated with a gas mixture of 95% 0 2 and 5% CO 2 and maintained at pH 7.6. Cells were penetrated from the receptor-side by a microelectrode filled with 3 M KC1 (100-150 M~2).
Photostimuli
A dual channel photo-stimulator equipped with 50 W tungsten halogen lamps was used to provide test and background light stimuli with 10 mm diameter. A long narrow slit of light (length: 4 mm and half-width: 80 Igm shown by filled circles in Fig. 1 ) with 0.5 sec duration was projected on the retina every 4 or 5 sec to characterize the receptive field profile of bipolar cells. The test and background stimuli were green monochromatic light using interference filters (533 nm, half-width 10nm). Unattenuated intensity of green light was 3.0× 105 quanta/sec//zm 2 at the retinal surface. The intensity of test light for the slit stimuli with 2.5 ~ 3.5 log unit neutral density filters was weak enough to elicit 2/3 of the saturated response amplitude or less where we could hardly demonstrate an antagonistic surround response.
The slit was moved laterally with 55 pm step driven by a pulse motor. Receptive field sizes of cells were characterized by two parameters, a length constant and a half-maximum width. The length constant represents a distance at which the response amplitude decays to 1/e (e = 2.718) of the central response measured at exponential decay range. The half-maximum width represents a diameter of receptive field size responding at half of the peak amplitude irradiated at the centre of receptive field. Intensity distribution of the light slit was checked by a photodetector placed at the focal plane of retina. The test light slit was moved across a small diaphragm (40 pm width and 1.5 mm length) placed on the photodetector. The scattered light was not detected more than 150/~m away from the centre of the slit. Figure 1 is a comparison of spatial properties between the intensity distribution of light slit and the receptive field profiles of a cone photoreceptor (open circles) and an ON-bipolar cell (filled triangles). The spatial decline of light intensity of the slit was narrower than the receptive field profile of the cone and was much narrower than that of the ON-bipolar cell, suggesting that the width of the light slit was sharp enough for the measurement of a small length constant component of the bipolar cell receptive field. Any other components with length constants greater than 1.5 mm were not detected in the receptive field profile of roddriven horizontal cells measured similarly as shown in the previous paper (Fig. 3 in Yamada et al., 1992) . This suggests that any other components with length constants greater than 1.5 mm owing to scattered light were not involved in our experiments.
Identification of bipolar cells
Bipolar cells, which were recorded at a depth of 80-ll0pm, were identified by the characteristic response waveform (Saito & Kujiraoka, 1982; Saito et al., 1985) and antagonistic centre-surround receptive field organization determined by bright stimulation. Cells were further confirmed by the photoresponses from H1 horizontal cell soma following the bipolar cells. Judging from the typical response time course with transient peak followed by plateau, the centre-depolarizing bipolar cells we examined were type I ON-bipolar cells possibly corresponding to Cajal's large bipolar cells (Saito & Kujiraoka, 1982) . Since they have mixed inputs from both rods and cones (Stell, 1967; Saito & Kujiraoka, 1982; Saito et al., 1985) , their activity was affected by adaptational state. The response analyses were done only in dark adapted retina, where we could frequently encounter rod-driven horizontal cells. The intensity of the test light stimulated mainly rod photoreceptor cells rather than cones, judging from the large differences between big response amplitude from rod-driven horizontal cells and very tiny responses from cone-driven horizontal cells obtained just before the penetration of rod-driven horizontal cells. FIGURE 1. Intensity distribution of a narrow light slit (length: 4 mm and half width: 80/ira) for the experiments compared with receptive field profiles of a cone photoreccptor and an ON-bipolar cell measured by this slit. The spatial decline of light intensity of the slit (filled circles; logarithmic scale shown in the right-hand ordinate) was approximated by single exponential functions on both sides, and their length constants of spatial decline were 34 and 38 izm on left-and right-hand side, respectively. Photoresponses of the cone (open circles) and the ON-bipolar cell (filled triangles) to the narrow slit were measured and plotted in a logarithmic scale shown on the left-hand ordinate against slit displacement from the recording electrode. The receptive field profile of the ON-bipolar cell (half width: 410 pro) was much larger than that of the cone which was approximated by single exponential functions (the length constants being 75 and 46 lira on leftand right-hand side, respectively and the half width being 140 pro).
Theoretical model
To analyse receptive field profiles of bipolar cells, we adopted a discrete resistive network model first designed by Yagi (1986) . This model has been used to explain responses of an H1 horizontal cell soma syncytium having strong influences from an axon terminal syncytium (for details, see the Appendix). The response amplitude of bipolar cells decayed when a slit of light was moved apart from a position of the recording electrode. The decay could be fitted by a discrete resistive network model, consistent with the idea of the two electrical coupling sites.
RESULTS
Both depolarizing (ON-) and hyperpolarizing (OFFtype) bipolar cells in the light adapted retina showed centre and antagonistic surround responses (c.f., Yasui et al., 1996) . In the dark adapted retina, however, we could not observe antagonistic surround responses just as in the experiments with dogfish (Ashmore & Falk, 1980) and salamander retina (Borges & Wilson, 1987) . Such retinae provided us with a good opportunity to analyse the receptive field centre of bipolar cells. We could observe weak surround responses only when we applied a ten-fold brighter light slit at the distance from the recording electrode. This was consistent with our previous results (Yamada & Saito, 1988 ) in which we reported that ONcentre bipolar cells responded to light with hyperpolarization in the area far from the receptive field centre when the slit stimuli was bright.
LIual components of the receptive field centre in ONbipolar cells Figure 2 shows the receptive field profile of an ONbipolar cell obtained by displacing a slit of light in the dark adapted retina. In Fig. 2(A) , the maximum depolarizing response was elicited when the slit was flashed on the receptive field centre (bottom trace, 0 mm). The response amplitude decreased when the slit was displaced to either side of the centre. The response to a slit of light decayed steeply between 0 and 0.3 mm as shown in the upper trace of Fig. 2(A) . However, the response decayed slowly at slit displacements greater than 0.3 mm. The peak amplitude of depolarizing responses was plotted in logarithmic scale as a function of distance from the centre of the receptive field [shown by filled circles in Fig. 2(B) ]. The decline of the response amplitude could not be fitted by a single straight line. The slope consisted of two components, a steep one near the centre and a flatter one far from the centre. The dual slope signifies that the receptive field is formed by a narrow and a wide receptive field component. In order to estimate the flatter component, a straight line (a solid line) was fitted by the least mean square error method to data points in the far region from the centre (0.3-l mm). The steep component was obtained from the differences [shown by the open squares in Fig. 2(B) ] between the original data points and the extrapolated flat line. The calculated steep component could be fitted by an another straight line (a dashed line). Table 1 shows 11 cell responses to an approaching or a departing light slit recorded from six retinae. The length constants [mean + standard error (SE)] of narrow and wide receptive field components of the cells were 99 + 7 pm and 868 + 73 pm, respectively (number of data, n = 16, from 11 cells). The wide receptive field components were much more suppressed by bright diffuse steady background light than the narrow ones. The maximal response amplitude elicited at the centre was 10.6 k 2.0 mV. The half-maximum width (defined as the width of the receptive field at 50% response level) was 402 & 22 pm (averaged with other data, n = 32 from 20 retinae, not shown in Table 1 ). Dual components of the receptive field centre in OFFbipolar cells Figure 3 shows the receptive field profile of an OFFbipolar cell in the dark adapted retina. When the slit was flashed on the receptive field centre, the maximum hyperpolarizing response was elicited. The amplitude of this response decreased when the slit was displaced to either side of the centre. The peak amplitude of the photoresponses [in Fig. 3(A) ] was plotted logarithmically against the slit displacement shown by filled circles in Fig. 3(B) . Again, the decline of the response could not be fitted by a single slope. The slope also consisted of two components, a steep one and a flatter one. Responses from four cells recorded from three retinae were analysed as shown in Table 2 . The length constants of narrow and wide receptive field components of the cells were 97 + 9 pm and 1035 k 210 pm, respectively (n = 7). In the presence of bright diffuse steady background light the wide receptive field components were much more suppressed, similar to the ON-bipolar cells, than the narrow ones. The maximal response amplitude elicited at the centre was 6.3 + 0.6 mV. The half-maximum width of the receptive field was 417 f 39 pm (averaged with other data not shown in Table 2 , n = 6 from five retinae).
DISCUSSION
By using a slit light stimulus, we determined the profile of the bipolar cell receptive field. We have found a dual component of the length constants in the receptive field centres of ON-and OFF-bipolar cells in dark adapted retinae [ Fig. 2(B) and Fig. 3(B) ]. The dual component of the length constants was first reported by Yagi (1986) in Hl horizontal cells. He proposed that there were two major sites for coupling, one at the dendrites and the other at the axon terminals.
Contribution of horizontal cells?
The dual component of the length constants in bipolar cells most probably does not involve horizontal cells. It is commonly assumed that there is a negative feedback pathway from horizontal cells to bipolar cells via photoreceptor cells. This connection forms the basis of the antagonistic surround component in the bipolar cell receptive field. Toyoda & Tonosaki (1978) Toyoda & Kujiraoka (1982) showed from simultaneous recordings of horizontal cells and bipolar cells that a hyperpolarizing current injected into a horizontal cell, regardless of coneand rod-driven horizontal cells, evoked a hyperpolarization in an ON-bipolar cell and a depolarization in an OFF-bipolar cell. Thus, the contribution of horizontal cells to bipolar cells via photoreceptor cells is a signinverting input. Indeed, a brighter light slit far from the centre activated horizontal cells and produced a hyperpolarizing response in ON-bipolar cells (Yamada & Saito, 1988) .
Contribution of photoreceptor couplings?
Rod-rod coupling. Photoreceptor coupling, such as rod-rod coupling, might be one of possibilities to explain narrower length constant in bipolar cell receptive field. The length constant of rod photoreceptor cells due to rodrod coupling measured by other researchers is 21 pm (Fain, 1976) or 19 pm (Gold, 1979) for the toad and 17 pm for the tiger salamander (Attwell & Wilson, 1980) . There are no measurements of the length constants of rod-rod coupling in carp. Therefore, we cannot exclude the possible involvement of rod-rod coupling in explaining the narrower component of the length constants in bipolar cells as large as 100ym. This possibility, though small, will be resolved in the future. It will be difficult to assume the length constant of rods as large as 100 pm since the diameter and the cell spacing of rod photoreceptor cells can be as small as 1-2 ym in carp retina. The receptive field of rod photoreceptor cells is described by a single exponential function (Lamb & Simon, 1976) with the length constant shown by:
A =D~/~s y gm where D is cell spacing, and gs and gm are coupling and plasma membrane conductances of pbotoreceptors, respectively. The cell spacing D of carp rods is approx. 2 pm (Tsukamoto et al., 1987) and is much less than the rods of toad or tiger salamander, whose values are approx. 8-16 pm (Fain, 1976; Gold, 1979; Attwell & Wilson, 1980) . On the basis of the length constant of the rods of toad or tiger salamander being approx. 20 pm, the value of gs/gm in carp rods could be estimated to be 400-1600 times as large as that of amphibian rods if the length constant of carp rods was assumed to be approx. 100 pm. This estimated value is unlikely. Cone-cone coupling. The length constant of cones in carp retina was 46-75 ym as shown in Fig. 1 . The length constant of cone photoreceptor cells owing to cone-cone coupling is 20 #m for the red cones in the swamp turtle (Lamb & Simon, 1976) , 13 ym for the red cones in the snapping turtle (Gold, 1981) and 22 and 26 pm for the red and green cones in the red-eared turtle (calculation by Gold, 1981 ; original data by Baylor & Fettiplace, 1975) . Therefore, these values for the length constants owing to the cone-cone couplings are too small to explain the narrow component of length constants (approx. 100 #m shown in Tables 1 and 2 ) of the bipolar cell receptive field centre. The cone-cone coupling, thus, is not likely to account for such a large receptive field centre size of the bipolar cells in dark adapted retina.
Comparison of double layered syncytial structure between bipolar cells and horizontal cells
In the recordings of cone-driven horizontal cells in light adapted retina, we can only observe a large single length constant in the spatial decay of response from axon terminals, whereas a dual length constant is seen from somata (Yagi, 1986; Shigematsu & Yamada, 1988) . We have never encountered such a bipolar cell with a receptive field profile having only a single wide component. Possibly, our recordings were limited only from the distal part of the inner nuclear layer where we could obtain only soma responses.
The existence of gap junctions between bipolar cells was first reported at the axon terminals (Witkovsky & Stell, 1973; Wong-Riley, 1974; Van Haesendonck & Missotten, 1983; Marc et al., 1988) . The finding of dendritic gap junctions was delayed until the studies by Cuenca et al. (1993) and Umino et al. (1994) . Cuenca and colleagues (1993) observed gap junctions among dendrites via electron microscopy (EM) but not among axon terminals in carp retina. Umino and colleagues (1994) found gap junctions not only between axon terminals but also between dendrites in OFF-centre bipolar cells of black bass by EM and tracer injection technique. These facts suggest that the distribution density of gap junctions is much higher in the axon terminal syncytium than in the dendrite syncytium, although we have no morphological data about the strength of gap junctional coupling in both sites: axon terminals and dendrites. In fact, Umino and colleagues (1994) showed in these OFF-type bipolar cells that the contact between axon terminals was larger than that between dendrites.
Estimation of each conductance
Further studies are needed to determine the values of conductances, but we can semi-empirically estimate the ratio of gap junctional conductances in axon terminals and dendrites. If we assume the value of cell spacing D as 80/~m (Kujiraoka & Saito, 1986 ) and the narrow and the wide length constants (21 and 22) of the receptive field (Tables 1 and 2 ) to be 100 and 1000 pm, respectively, the values gJ(gm + g) and hJ(hm + g) should equal 1.56 and 156, respectively, by using Eq. (A17) and Eq. (A18) in the Appendix. If we assume, as in the case of H1 horizontal ceils (Yagi, 1986) , that the conductance g of axons is much higher than the plasma membrane conductance of the soma/dendrites and the axon terminals, gm ~ g and hm ~ g, we can calculate that the gap junctional conductances of dendrite and axon terminal syncytia, gs and hs, should be 1.56 g and 156 g, respectively. Therefore, the coupling conductance of axon terminal syncytium would be 100 times larger than that of dendrite syncytium. This estimate agrees with the findings of Umino and colleagues (1994) that the gap junctions are much more dense in axon terminals than in the dendritic ones.
Role of electrical couplings
Electrical couplings of bipolar cells should improve signal-to-noise ratio by averaging weak signals in the receptive field centre and by reducing noises due to photoreceptor-bipolar synaptic transmission noise and photoisomerization noise in photoreceptor cells. Thus, they could play an important role in increasing the photosensitivity of the eye in the dark adapted condition at the expense of spatial resolution. However, we have not yet clarified whether the physiological role of the wide component of the receptive field centre is only to increase the receptive field centre in the dark adapted condition. Further studies are required to clarify this.
In the light adapted condition, however, it seems that the wide component of the receptive field centre does not have an important role because we have already shown in an earlier paper (Yamada & Saito, 1988 ) that the wide component disappeared under the steady background light condition, probably due to the antagonistic action from the receptive field surround which appeared in the light adapted condition. Here, S. and An represent the response amplitudes of the soma/ dendrites and the axon terminal(s) at the n-th node. j signifies the driving current induced by the illumination. We will show that the linear difference equations reach the linear differential equations below. Outside the slit, j is considered to be zero and the relevant response amplitudes will be given as follows:
where ~i = gm/g~, ~2 = g/g~, fll = hm/hs, J~2 = g/hs. These equations can be expressed by the following Eq. (A3') and Eq. (A4') if variables are changed to the first difference; S.+I-Sn = kSn+l, An+ l-An = AAn+ 1
As the first two terms of Eq. (A3') and Eq. (A4') can be replaced by a second difference, these equations are linear second-order difference equations. These equations can be expressed by second-order differential equations if the discrete variables are changed to continuos variables as follows: if we assume An = 1, then the first difference ASn= Sn-S,q = (Sn-S. Then, four real roots are obtained from the fourth-order equation for v when the above results will be solved. The boundary conditions that S, A--+O as x--+ _+ co and symmetric distribution of the voltage, i.e.
S(x) = S(x) and a(x)
a(-x), give particular solutions e ~P' and e ~(7.
Therefore, the general solution will be expressed by the linear combination of these particular solutions as follows; S(x) al. e-~X/~ + a2. e -~J~'
(All)
A(x) = bl .e {x/F + b2 . e -~
where al, a2, bl and b2 are constants which are determined by boundary conditions.
Simplified solution by neglecting the term qs
The coefficient of the zero-th order differential term is shown by 
where al, a2, bl and b2 are constants which are determined by boundary conditions. The response amplitude of the sona/dendrites, V(x), to the light slit at a distance x between the light slit and the recording electrode is described similarly to the horizontal cell network model (Yagi, 1986) 
